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The rabbit model of rotavirus infection has proved to be useful for assessing active immunity and protection after infection
or vaccination with virus or virus-like particles. One limitation of the rabbit model is that after experimental infection of
rabbits, clinical diarrhea is not routinely induced. Lack of diarrhea in the rabbit model has been proposed to be due to the
fluid absorptive capability of the cecum or attenuation of virus strains through tissue culture adaptation. To test whether a
wild-type lapine rotavirus strain BAP (BAPwt) isolated from diarrheic rabbits would cause disease on passage in rabbits, 1-,
2-, 10-, and 16-week-old rabbits were orally inoculated with BAPwt, its tissue culture-adapted counterpart strain (BAP-2),
tissue culture-adapted lapine strain ALA, or PBS. Lapine rotavirus infection in 1-week-old, but not $2-week-old, rabbits
resulted in the development of disease characterized by soft, wet, yellow-to-brownish-green partially formed-to-liquid stools
observed only at the time of virus antigen shedding. The level and duration of virus shedding after infection were prolonged
in 1-week-old rabbits compared with rabbits $2 weeks of age. Although diarrhea was not observed beyond the first 2 weeks
of life, histopathological changes, including villus shortening and fusion, increased vacuolation of epithelial cells, and
mononuclear infiltration of the lamina propria, were observed throughout the small intestine between 12 and 120 h after ALA
infection in 1-week-old, 1- to 2-month-old, and 11-month-old rabbits. In 11-month-old rabbits, onset of intestinal damage
appeared to be slightly delayed, was less severe, and was not observed in the duodenum. There were no differences in the
immune responses to rotavirus infection in rabbits of different age groups (1 week to 5 years of age). All lapine rotavirus-
inoculated rabbits seroconverted and were protected from virus challenge at 28 days postinoculation. Like in mice, rotavirus
disease is age restricted in rabbits. © 1998 Academic Press
INTRODUCTION
Rotaviruses infect a broad range of animal species
and humans, but in many cases, clinical signs (i.e., diar-
rhea, anorexia, depression, vomiting) are usually re-
stricted to the young of a species. Rabbits naturally
infected with rotavirus develop diarrhea (DiGiacomo and
Thouless, 1986). Rotavirus is endemic in commercial
rabbitries, and rotavirus infection and diarrhea typically
occur after weaning at 1–3 months of age (Conner et al.,
1988; DiGiacomo and Thouless, 1986; Hambraeus et al.,
1989; Petric et al., 1978; Schoeb et al., 1986; Thouless et
al., 1988). We and others have demonstrated that rabbits
can be infected experimentally with tissue culture-
adapted lapine rotavirus strains up to 6 months of age
although little or no diarrhea is induced (Conner et al.,
1988, 1991, 1993; Hambraeus et al., 1989; Thouless et al.,
1988, 1996). Increased fluidity of small intestinal contents
of experimentally infected rabbits has been observed
(Conner et al., 1988; Hambraeus et al., 1989; Thouless et
al., 1988), and failure to induce diarrhea has been sug-
gested to be the result of the large absorptive capabili-
ties of the rabbit cecum or to tissue culture attenuation of
the strains tested (Conner et al., 1988, 1991; Estes et al.,
1989; Thouless et al., 1988).
Little is known about the rotavirus-specific determi-
nants of disease. One of them, histopathological changes
of the small intestine induced by rotavirus infection, has
been studied with different animal models (reviewed by
Conner and Ramig, 1996; Greenberg et al., 1994). In large
animal models (calves, piglets, and lambs), rotavirus
infection, disease, and histopathological changes in the
small intestine have been observed in animals up to
several months of age, but longer studies are impractical
(Mebus et al., 1976; Pearson and McNulty, 1977; Snod-
grass et al., 1979). In the mouse model, rotavirus-infected
neonatal mice (#2 weeks old) develop disease with
minimal or no histopathological damage in the proximal
intestine, and infection of adult mice occurs without
disease or histopathological lesions in the small intes-
tine (Burns et al., 1995; Osborne et al., 1988; Ramig, 1988;
Starkey et al., 1986; Ward et al., 1990, 1992). During a
diarrheal disease outbreak in a commercial rabbitry,
suckling rabbits (1–3 weeks old) developed intestinal
lesions consistent with a rotavirus infection (Schoeb et
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al., 1986). One- to 3-month-old rotavirus-infected rabbits
have no or limited disease, but contrary to rotavirus
infection in mice, rabbits develop histopathological le-
sions throughout the small intestine (Conner et al., 1988;
Estes et al., 1989; Schoeb et al., 1986; Thouless et al.,
1988), similar to those reported in children, pigs, lambs,
and cows (Holmes et al., 1975; Mebus et al., 1976; Pear-
son and McNulty, 1977; Snodgrass et al., 1979).
Animal models of rotavirus infection have been used
to define the parameters of rotavirus infection, pathogen-
esis, disease, immune response, and vaccine efficacy
(reviewed in Conner and Ramig, 1996). Both the mouse
and rabbit small animal models have several advantages
over large animal models, including cost effectiveness,
the ability to incorporate large numbers of animals in
studies, short gestation period and multiparous births,
and the availability of rotavirus-naive animals. Although
the rabbit model is being used to study active immunity
after parenteral vaccination with either inactivated or live
rotavirus or virus-like particles (Ciarlet et al., 1998b; Con-
ner et al., 1993), the development of a diarrhea model in
rabbits would be useful for vaccine efficacy studies to
completely mimic the situation in children. Therefore, in
this study we further characterized the rabbit model of
rotavirus infection to determine whether (1) diarrhea
could be induced by a wild-type lapine rotavirus (BAPwt),
(2) diarrhea is age restricted in rabbits (as in mice), and
(3) aging modifies susceptibility to rotavirus infection,
disease, immune response, or development of his-
topathological lesions in the small intestine.
RESULTS
Comparison of parameters of lapine ALA rotavirus
infection in young (1 or 2 months old) versus old
(11 and 64 months old) rabbits
The rabbit model is being used to define parameters of
rotavirus infection, pathology, disease, immune re-
sponse, and vaccine testing efficacy; therefore, rotavirus
infection in older rabbits was compared with that of
young rabbits to warrant use of the rabbit model for
long-term studies. The 1- to 2-, 11-, and 64-month-old
rabbits were inoculated with 3.5 3 105 plaque-forming
units (PFU) (;103 ID50) of ALA rotavirus or with 1 ml of
PBS. All preinoculation serum samples were rotavirus
antibody negative at a dilution of 1:50 (data not shown).
Fecal virus antigen shedding was detected in all rotavi-
rus-inoculated rabbits but not in mock-inoculated rab-
bits, as reported previously with young rabbits (Conner et
al., 1988, 1991; Hambraeus et al., 1989; Thouless et al.,
1988). The mean numbers of days of fecal virus antigen
shedding in 1- to 2-month-old (seven animals) and 11-
month-old (five animals) rabbits were equivalent (5.4 and
6.2 days, respectively; P 5 0.114, Mann-Whitney U) (Table
1). The amount of virus antigen shed after inoculation
with ALA in 1- to 2- and 11-month-old rabbits was com-
parable (Figs. 1B and 1C, respectively). Similar results
(mean of 6.5 days) were obtained when 7- to 9-month-old
rabbits (10 animals) were inoculated with ALA rotavirus
(data not shown). Rabbits (two animals) of 5.3 years of
TABLE 1
Comparison of ALA Rotavirus Infection in Young and Old Rabbits
Age
of
rabbit
(mos)
No. of
rabbits
Primary
inoculuma
Challenge
inoculumb
Mean days of virus antigen
sheddingc (range)
Total (IgM, IgG, IgA) serum antibody
GMTd (range)
Serum neutralizing antibody
GMTe (range)
Postprimary
inoculation
Postchallenge
inoculation
Before challenge
inoculation
Postchallenge
inoculation
Before
challenge
inoculation
Postchallenge
inoculation
1 or 2 7 ALA ALA 5.4 (2–8) 0 185,492
(102,400–409,600)
204,800
(102,400–409,600)
1,600
(800–3,200)
ND
2 2 PBS ALA 0 6 (3–8) 25 289,631
(204,800–409,600)
50 3,200
(3,200)
11 5 ALA ALA 6.2 (2–9) 0 409,600 (409,600) 470,507
(409,600–819,200)
1,838
(1,600–3,200)
2,111
(1,600–3,200)
11 3 PBS ALA 0 7 (4–10) 25 325,100
(204,800–409,600)
50 2,015
(1,600–3,200)
64 2 PBS ALA 0 6 (3–9) 25 289,631
(204,800–409,600)
50 4,525
(3,200–6,400)
Note. ND, not done.
a, b Dose of ALA (P[14], G3) rotavirus was 3.5 3 105 PFU (103 infectious dose 50 [ID50]). Challenge was at 28–39 days after primary inoculation. Dose
of phosphate-buffered saline (PBS) was 1 ml.
c Measured by ELISA at 0–14 days postinoculation (p.i.) and 0–14 days postchallenge (p.c.).
d Measured by ELISA at 28 or 39 days p.i. and at 28 days p.c. For titers of ,50, 25 was used to calculate the geometric mean titer (GMT). A GMT
of 25 was considered negative.
e Serum neutralizing antibodies to homologous (ALA) rotavirus was measured by FFNA at 28 or 39 days p.i. and at 28 days p.c. For titers ,100,
50 was used to calculate the GMT. A GMT of 50 was considered negative.
344 CIARLET ET AL.
age shed virus antigen with a mean duration of 6 days
(Table 1) and in comparable amount with that for 1- to 2-
and 11-month-old rabbits (Fig. 1D). No clinical signs of
diarrhea were observed in any of the 1- to 64-month-old
rabbits, although virus replicated to high titers in all ages,
as measured by viral antigen shedding.
To determine whether rotavirus diarrhea would be
induced in rabbits with a 100-fold increase of the lapine
ALA rotavirus inoculation dose, 1- to 2-month-old rabbits
(seven animals) were inoculated with 107 PFU of ALA
(equivalent to 100,000 ID50). None of the rabbits devel-
oped clinical disease, albeit infection resulted in equiv-
alent amount and duration of viral antigen shedding
(mean duration, 5.1 days) (data not shown) as those
obtained with 105 PFU of ALA rotavirus in 1- to 64-month-
old rabbits. Similarly, 2- to 5-month-old rabbits infected
with 102, 103, 105, or 106 PFU of ALA shed virus antigen
in equivalent amount and duration (Conner et al., 1997).
These results suggest that lapine rotavirus ALA infection
of young rabbits (1–2 months of age) is analogous to that
of older rabbits ($5 months of age) and that young
rabbits may not necessarily be more susceptible to in-
fection than old rabbits.
The total (IgM, IgG, IgA) and neutralizing serum im-
mune response was measured by ELISA and FFNA,
respectively, in ALA rotavirus- and mock-infected (PBS)
1- to 2-, 11-, and 64-month-old rabbits at 28 days postin-
fection (p.i.) (Table 1). All mock-inoculated rabbits re-
mained seronegative until virus challenge. Neither the
total nor neutralizing serum antibody titers to rotavirus in
rabbits were significantly different (0.051 $ P $ 0.823,
Kruskal-Wallis followed by Mann-Whitney U) in all ALA-
infected rabbits, regardless of age (Table 1). Also, the
total serum anti-rotavirus antibody titers (GMT 5
409,600) of 7- and 9-month-old rabbits (data not shown)
were equivalent (P $ 0.118, Kruskal–Wallis followed by
FIG. 1. Fecal virus antigen-shedding curves of individual 2-week-old (A), 1- to 2-month-old (B), 11-month-old (C), and 5-year-old (D) rabbits inoculated
with tissue culture-adapted lapine rotavirus strain ALA. Fecal rotavirus antigen shedding was assessed by ELISA from 0 to 14 days p.i. and expressed
as net OD 450 readings. Readings of $0.1 are considered positive.
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Mann-Whitney U) to those of 1- to 2-, 11-, and 64-month-
old rabbits.
All rabbits were challenged with 3.5 3 105 PFU of ho-
mologous (ALA) rotavirus at 28 or 39 days p.i. All rabbits
previously infected with ALA rotavirus were completely pro-
tected from virus challenge as determined by lack of virus
antigen shedding in fecal samples, whereas mock-infected
rabbits shed virus for a mean duration of 6 or 7 days (Table
1). Again, the mean duration of virus antigen shedding in
control rabbits of the different age groups was not signifi-
cant (P $ 0.380, Mann-Whitney U). After challenge (28 days
postchallenge [p.c.]), all control rabbits that were infected
(not protected from ALA challenge), ranging from 2 to 64
months of age, seroconverted (Table 1). Total or neutralizing
serum antibody titers to rotavirus were not significantly
different between any of the rabbits, regardless of age (P $
0.408, Kruskal–Wallis followed by Mann-Whitney U) (Table
1). In the rabbits that were protected from challenge, no
anamnestic antibody response in ELISA or neutralizing
antibody titers was observed in any individual rabbit of the
different age groups (P $ 0.317, Wilcoxon signed ranked
test) (Table 1).
Electrophoretic analysis of the wild-type lapine
rotavirus strain BAPwt
The genomic profile of BAPwt was initially analyzed by
polyacrylamide gel electrophoresis. The electropherotypes
of BAPwt and its tissue culture counterpart (BAP-2) were
identical (data not shown). The RNA patterns of both BAPwt
and BAP-2 differed in the mobility of at least three genes
(genes 4, 7, and 8) compared with that of the well-charac-
terized lapine ALA rotavirus, although both exhibited the
same unusual ’’short’’ electrophoretic pattern described for
ALA rotavirus (Tanaka et al., 1988; Thouless et al., 1988).
In vivo passage of BAPwt
To determine whether rotavirus-specific diarrhea
could be induced in the rabbit model, we inoculated
16-week-old rabbits (five animals), which had not been
vaccinated with Clostridium spiroforme toxoid, with a
10% suspension of the original pooled fecal material of
BAPwt. The in vivo passage of BAPwt resulted in a
productive infection indistinguishable from that of tissue
culture ALA with a mean duration of virus antigen shed-
ding of 7.4 days that readily spread to mock-inoculated
(PBS) rabbits (two animals) housed in the same room
(mean duration of virus antigen shedding, 7.6 days) (data
not shown). All rabbits had intermittent soft fecal sam-
ples after the onset of virus excretion (data not shown).
Five of seven rabbits exhibited diarrhea at the time of or
after cessation of virus antigen shedding. In other spe-
cies, rotavirus-induced diarrhea can persist past the ces-
sation of virus shedding, but the onset of diarrhea occurs
before or shortly after the onset of virus antigen shedding
(Conner and Ramig, 1996). Therefore, the late-onset di-
arrhea was most likely attributable to C. spiroforme,
which is a normal inhabitant of the rabbit intestine; stress
or other factors trigger its overgrowth, which can result in
diarrhea or death (Borriello and Carman, 1983; Conner et
al., 1993). All BAPwt-infected rabbits developed a sero-
logical immune response by 28 days p.i. similar to that of
ALA-infected rabbits and were completely protected
from homotypic challenge with ALA rotavirus at 34 days
p.i. (data not shown).
To preclude diarrhea due to C. spiroforme in subse-
quent rotavirus infection experiments, a recently devel-
oped vaccine to the Clostridium toxin was administered
intramuscularly to all rabbits before initiation of addi-
tional in vivo passages of BAPwt (Ciarlet et al., 1998a,
1998b; O’Neal et al., manuscript in preparation). Next, 1
ml (3.5 3 104 focus-forming units [FFU]) of a 10% sus-
pension of a BAPwt-positive fecal sample (R54–2) from
the first passage was used to perform a second serial
passage of BAPwt in 10-week-old rabbits (six animals),
which had been vaccinated with the Clostridium toxoid,
to determine the virulence of BAPwt. Fecal virus antigen
shedding (data not shown) comparable to that seen in
the first BAPwt in vivo passage was detected in all
BAPwt-infected rabbits and in two control mock-infected
(PBS) rabbits housed in the same room (mean duration of
fecal virus antigen shedding, 6.6 and 7.5 days, respec-
tively). No diarrhea or changes in fecal consistency were
observed in any of the 10-week-old rabbits (data not
shown). Therefore, the diarrhea observed in the first
passage in 16-week-old rabbits likely was not a direct
result of BAPwt. All 10-week-old rabbits developed high
serum and intestinal antibodies to rotavirus at 28 days
p.i. (data not shown).
Determination of age restriction of disease in rabbits
Because the lapine rotavirus BAPwt failed to induce
diarrhea in the second serial passage in 10-week-old
rabbits, we next examined whether diarrhea might be
age restricted in rabbits. Based on limited epidemiolog-
ical data in rabbits (DiGiacomo and Thouless, 1984,
1986; Schoeb et al., 1986), we did not expect to see an
age restriction of diarrhea in rabbits. However, diarrhea
is age restricted in the mouse model (Burns et al., 1995;
Ward et al., 1990, 1992), and in most species, diarrhea is
most severe in the young of the species (Conner and
Ramig, 1996).
Pregnant does were administered two doses of Clos-
tridium toxoid during gestation to ensure neonatal rab-
bits would receive transplacental and lactogenic pas-
sively transferred Clostridium antibodies from their dam.
In an initial experiment, 1-week-old rabbits (four animals)
were inoculated with 3.5 3 104 FFU of the fecal suspen-
sion R54–2, obtained from the first passage in rabbits, or
with PBS (two animals). All neonatal rabbits were from
the same litter, and the dam was not inoculated.
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The preinoculation serum sample of the dam was
rotavirus antibody negative at a dilution of 1:50 (data not
shown). All 1-week BAPwt- or PBS-inoculated rabbits
shed virus antigen for a prolonged period of time (mean
duration, 12 days) from as early as 2 days p.i. to 12 or 14
days p.i. (data not shown), a duration of virus antigen
shedding that was twice as long as that of 10- or 16-
week-old rabbits. PBS control kits likely became infected
on the day of inoculation by licking residual virus inoc-
ulum off their BAPwt-inoculated littermates. BAPwt was
also readily transmitted to the uninoculated dam, but
virus antigen shedding did not commence until 5 days
p.i. and lasted until 11 days p.i. (a total of 7 days) (data
not shown). Because dams nurse their kits only once a
day during the night, the dam likely did not get infected
until after the kits started to shed virus. After inoculation,
diarrhea was observed in all 1-week-old kits (in parallel
with virus antigen shedding) but not in the dam (data not
shown). The majority of kits had diarrhea from 2 to 9 days
p.i. Diarrhea was defined as liquid, partially formed, or
formed soft atypical fecal pellets that were wet and
abnormal in color varying from olive green to yellow. In
some instances, the diarrheic fecal samples in neonatal
rabbits were liquid, but generally the diarrheic rabbit fecal
samples were not entirely liquid. Fecal pellets collected
before inoculation and after cessation of virus excretion
were hard, dry, and brown to black in color. These data
indicated that like in mice, diarrhea is age restricted in
rabbits. All BAPwt rotavirus-infected 1-week-old rabbits de-
veloped a serological and intestinal immune response
(GMT 5 229,880 and GMT 5 160, respectively) and were
completely protected from homotypic challenge with ALA
rotavirus at 28 days p.i. (data not shown).
This preliminary experiment with a wild-type lapine
rotavirus BAPwt indicated that rotavirus-specific diarrhea
is age restricted in rabbits. We next wanted to determine
whether diarrhea could also be induced with tissue cul-
ture-adapted lapine rotavirus strains because failure to
induce diarrhea in rabbits has previously been sug-
gested to possibly be the result of tissue culture atten-
uation of the lapine strains (Conner et al., 1988; Conner
and Ramig, 1996). Thus 1-week-old rabbits were inocu-
lated with wild-type (BAPwt) and tissue culture (ALA,
BAP-2) lapine rotavirus strains to determine whether di-
arrhea could be induced.
Preinoculation serum samples of each of the dams
were rotavirus antibody negative at a dilution of 1:50
(data not shown). One-week-old rabbits were inoculated
with 3.5 3 104 FFU of BAPwt (nine animals), 1.4 3 107
FFU of BAP-2 (nine animals), 3.5 3 105 PFU of ALA (eight
animals), or 1 ml of PBS (four animals). Each group of
rabbits were from the same litter, and the doe was not
inoculated. Virus- and PBS-inoculated rabbits were
housed in separate rooms. Neither the 1-week-old rab-
bits nor the doe inoculated with PBS shed virus antigen
over a 14-day period (Fig. 2A and data not shown, re-
spectively). One-week-old rabbits inoculated with either
wild-type BAPwt or tissue culture ALA shed high
amounts of virus antigen as measured by ELISA over a
period of 10–12 days (Figs. 2B and 2C). One-week-old
rabbits inoculated with tissue culture-adapted BAP-2 ro-
tavirus also shed virus antigen for a period of 10 days,
but the amount of virus antigen shed (Fig. 2D) was reduced
by approximately half of that shed by BAPwt and ALA (Figs.
2B and 2C). All virus-inoculated does shed virus antigen
from 5 to 11 days p.i. (total of 7 days) (data not shown).
All virus-inoculated, but not PBS-inoculated, 1-week-
old rabbits developed diarrhea (Fig. 3), whereas none of
the does did (data not shown). Because fecal samples on
each kit could not be collected every day, the percent
diarrhea for each group per day was calculated by divid-
ing the number of diarrheic samples by the number of
total samples collected each day. The peak of percent
diarrhea correlated with peak days of virus antigen shed-
ding in each of the groups (Figs. 2 and 3). No difference
in disease severity was observed among groups of rab-
bits inoculated with any of the lapine strains. The onset
of disease induced by the tissue culture ALA strain
generally occurred earlier, achieving 100% by 2 days p.i.,
whereas onset of disease in 100% of the animals inocu-
lated with BAP-2 and BAPwt did not occur until 4 and 5
days p.i., respectively (Fig. 2). Therefore, we concluded
that the lack of induction of diarrhea in the rabbit model
was not due to tissue culture attenuation of lapine rota-
virus strains but to a previously unrecognized age re-
striction of disease in rabbits.
All virus-inoculated 1-week-old kits developed total
(IgM, IgG, IgA) rotavirus-specific serum and intestinal
antibodies by 28 days p.i. (Table 2). Compared with
immune responses obtained with BAPwt and ALA, BAP-2
induced significantly lower titers (P # 0.002, Kruskal–
Wallis followed by Mann-Whitney U) of serological anti-
rotavirus antibody in kits and an 8-fold lower titer in the
doe (Table 2). The rotavirus-specific intestinal immune
responses obtained with BAPwt were significantly higher
(P 5 0.001, Kruskal–Wallis followed by Mann-Whitney U)
than those obtained with BAP-2 but significantly lower
(P 5 0.001, Kruskal–Wallis followed by Mann-Whitney U)
than those of ALA-infected rabbits. BAPwt and ALA in-
duced equivalent levels (P 5 0.723, Kruskal–Wallis fol-
lowed by Mann-Whitney U) of serum-neutralizing anti-
bodies against ALA (GMT 5 1600 and 1600, respectively)
but significantly higher levels (P # 0.015, Kruskal–Wallis
followed by Mann-Whitney U) compared with BAP-2
(GMT 5 746) (data not shown). The significance of the
apparent lower immunogenicity, but not virulence, of
BAP-2 in rabbits remains to be determined. The PBS-
inoculated kits and doe remained seronegative through-
out the experiment (Table 2). Protection from ALA chal-
lenge was not assessed.
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To determine at what age the age restriction in diar-
rhea induction occurs, we next inoculated 2-week-old
rabbits (five animals) from one litter with the tissue cul-
ture-adapted ALA because it seemed to be slightly more
virulent than BAPwt. Two-week-old rabbits (four animals)
from another litter were inoculated with PBS and housed
in a separate room. Neither virus antigen shedding nor
diarrhea was observed in 2-week-old PBS-inoculated
rabbits. The 2-week-old ALA-infected rabbits shed virus
antigen for 5–7 days after inoculation (Fig. 1A). Little to
no disease was observed (data not shown); only one of
five 2-week-old rabbits developed diarrhea at days 4 and
5 days p.i. Therefore, in 2-week-old rabbits, there was a
restriction in both disease and virus antigen shedding.
There was no further decrease in virus antigen shedding
in older rabbits (Table 1), even in rabbits (two animals)
.5 years old (Fig. 1D). Also, there was no significant
difference (P $ 0.493, Kruskal–Wallis followed by Mann-
Whitney U) in serological and intestinal anti-rotavirus
FIG. 2. Fecal virus antigen-shedding curves of individual 1-week-old rabbits inoculated with PBS (A), tissue culture-adapted lapine rotavirus strain
ALA (B), wild-type lapine rotavirus strain BAP (BAPwt) (C), or tissue culture-adapted lapine rotavirus strain BAP (BAP-2) (D). Fecal rotavirus antigen
shedding was assessed by ELISA from 0 to 20 days p.i. and expressed as net OD 450 readings. Readings of $0.1 are considered positive. No virus
was shed by any rabbit from 15 to 20 days p.i. (data not shown).
FIG. 3. Percent diarrhea in 1-week-old rabbits inoculated with PBS
(f), tissue culture-adapted lapine rotavirus strain ALA (F), wild-type
lapine rotavirus strain BAP (BAPwt) (), and tissue culture-adapted
lapine rotavirus strain BAP (BAP-2) (r) from 0 to 20 days p.i. No
diarrhea was observed in any rabbit from 15 to 20 days p.i. (data not
shown). Percent diarrhea for each group per day was calculated by
dividing the number of diarrheic samples by the number of total sam-
ples collected each day. Fecal samples from each kit could not be
collected every day.
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antibody responses in 2-week-old rabbits compared with
5-year-old rabbits (data not shown).
Quantitative measurement of histopathological
lesions in the small intestine of neonatal (1-week-old)
rabbits infected with rotavirus
At necropsy, no gross lesions were observed in the
intestinal tract of control rabbits euthanized at any of the
time points. In virus-infected rabbits, accumulation of fluid
in and distention of the small intestine was observed be-
ginning at 12–24 h postinoculation (p.i.) and was repeatedly
observed until 96 h p.i. Pathological changes were ob-
served in lapine ALA and simian SA11 (clone 3) rotavirus-
infected (Fig. 4B–C) but not mock-infected rabbits (Fig. 4A).
In ALA-infected neonatal rabbits, pathological changes in
the small intestine were first observed at 12 h p.i. (Table 3).
Changes in ALA-infected rabbits included villus blunting,
fusion, and vacuolation (Fig. 4B). Villus shortening was
greatest at 24–72 h p.i. Resolution of all histological
changes in ALA-infected neonatal rabbits began at ;96 h
p.i. (the last time point performed) (Table 3).
Infection of 1-week-old rabbits with a heterologous sim-
ian virus SA11 (P[2], G3) caused less severe histopatholog-
ical changes in the small intestine (Fig. 4C). Compared with
homologous lapine rotavirus infection, the onset of histo-
logical lesions resulting from the infection with SA11 was
delayed. Pathological lesions were first observed at 48 h p.i.
and were completely resolved by 120 h p.i.
Mucosal and serosal surface areas and villus height-
to-crypt depth ratios of 1-week-old ALA-infected rabbits
were measured using the computerized Bioquant sys-
tem. In age-matched control (PBS) rabbits, neither mu-
cosal-to-serosal surface area ratios nor villus height-to-
crypt depths ratios at each site of the small intestine
varied considerably per time point; therefore, for each
site, the mean values of the controls were graphed as a
continuous line (Fig. 5). In 1-week-old ALA-infected rab-
bits, little or no change was observed in the ratios of
mucosal to serosal surface areas and villus height to
crypt depths in the duodenum (Figs. 5A and 5D). How-
ever, marked changes were observed in the jejunum and
ileum starting at 12 and 24 h p.i., respectfully (Figs. 5B,
5C, 5E, and 5F). There was a trend toward resolution of
histological changes as measured by villus height-to-
crypt depth and mucosa-to-serosa surface ratios at 96 h
p.i., but only one animal per time point was analyzed, and
no additional time points were measured.
Quantitative measurement of histopathological
lesions in the small intestine of young (1- to 2-month-
old) rabbits infected with rotavirus
At necropsy, no gross lesions were observed in the
intestinal tract of control rabbits euthanized at any of the
time points. In ALA-infected rabbits, accumulation of fluid
in and distention of the small intestine were observed
beginning at 18–24 h p.i. and was repeatedly observed
TABLE 2
Mean Days of Virus Antigen Shedding and Total Serum and Intestinal Antibody Responses after Oral Inoculation of 1- and 2-Week-Old
Rabbits with Wild-Type (BAPwt) and Tissue Culture (ALA, BAP-2) Lapine Rotaviruses
Age of rabbits
(weeks)a
No. of
rabbits Inoculumb
Mean days of virus
antigen sheddingc
(range)
Total (IgM, IgG, IgA) antibodyd GMT (range)
Serum Intestinal
0 days p.i. 28 days p.i. 0 days p.i. 28 days p.i.
Dam 1 7 (3–9) 25 409,600 2.5 160
1 9 BAPwt 11 (2–13) ND 162,550A (51,200–409,600) ND 137A (80–320)
Dam 1 5 (5–9) 25 51,200 2.5 80
1 9 BAP-2 10 (2–11) ND 25,600B (12,800–51,200) ND 55B (40–80)
Dam 1 5 (5–9) 25 409,600 2.5 640
1 8 ALA 11 (1–12) ND 102,400A (51,200–409,600) ND 761C (320–1,280)
Dam 1 5 (10–14) 25 409,600 2.5 640
2 5 ALA 5.4 (3–9) ND 155,210A (102,40–204,800) ND 640C (320–1,280)
Dam 1 0 25 25 2.5 2.5
1 or 2 7 PBS 0 ND 25C ND 2.5D
a Each dam was ;2 years of age (61 year).
b Kits were inoculated with 3.5 3 104 FFU of wild-type BAPwt, with 1.4 3 107 FFU of tissue culture BAP-2, with 3.5 3 105 PFU of tissue culture ALA,
or with 1 ml of phosphate-buffered saline (PBS). Each group of kits were from the same litter. Dams were not inoculated but were infected by kits
previously inoculated with either virus, not PBS.
c Measured by ELISA from 0–20 days postinoculation (p.i.).
d Measured by ELISA at indicated days p.i. For titers of ,50, 25 was used to calculate the geometric mean titer (GMT). A GMT of 25 was considered
negative.
A–D Statistical similarities (P . 0.05, Kruskal–Wallis followed by Mann–Whitney U) in rotavirus serum or intestinal antibody titers are indicated by
the same capital letter, whereas those followed by different capital letters are significantly different (P . 0.05, Kruskal–Wallis followed by
Mann–Whitney U).
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until 48–96 h p.i. Pathological changes were observed in
rotavirus-infected (Fig. 4E), but not mock-infected, rabbits
(Fig. 4D) (Conner and Ramig, 1996). Pathological
changes in the small intestine were first observed at 12 h
p.i., and resolution of all the changes began at ;96 h p.i.
(Table 3). Changes observed included villus blunting,
fusion, and vacuolation (Fig. 4E). Villus shortening was
greatest at 18–48 h p.i. (range, 12–96 h p.i.). Inflammatory
cells were primarily mononuclear leukocytes and oc-
curred in the greatest number at 12–48 h p.i. (data not
shown).
Mucosal and serosal surface areas and villus height-
to-crypt depth ratios were measured using the comput-
erized Bioquant system. No apparent differences in ei-
ther villus height-to-crypt depth ratios or mucosa-to-se-
rosa surface ratios were observed when the results were
compared between 1- and 2-month-old rabbits (data not
shown); the results from both age groups were com-
bined. As with neonatal (1-week-old) control rabbits, mu-
cosal-to-serosal surface area ratios and villus height-to-
crypt depths ratios at each site of the small intestine did
not vary considerably with age or time point in 1- to
FIG. 4. Photomicrograph of (A) 1-week-old PBS mock-infected control rabbit, 18 h p.i., jejunal mucosa; (B) 1-week-old lapine ALA rotavirus-infected
rabbit, 18 h p.i., ileal mucosa. Villi appeared shortened with increased vacuolation; (C) 1-week-old simian SA11 rotavirus-infected rabbit, 48 h p.i.,
jejunal mucosa. Villi appear slightly shortened; (D) 1.5-month-old PBS mock-infected control rabbit, 18 h p.i., ileal mucosa; and (E) 1-month-old lapine
ALA rotavirus-infected rabbit, 18 h p.i., ileal mucosa (Conner and Ramig, 1996). Villi appeared shortened with increased vacuolation; (F) 11-month-old
PBS mock-infected control rabbit, 48 h p.i., jejunal–ileal mucosa; (G) 11-month-old lapine ALA rotavirus-infected rabbit, 48 h p.i., jejunal–ileal mucosa.
Villi appear shortened with increased vacuolation. Moderate submucosal edema and inflammation also are evident. Hematoxylin–eosin staining;
original magnification 3240 (A–C), 3200 (D and E), and 3230 (F and G).
TABLE 3
Comparison of Rotavirus Intestinal Lesions in 1-Week-Old, 1- or 2-Month-Old, and 11-Month-Old Rabbits
Age of rabbits
(mos)a
No. of
rabbits Inoculumb Hours p.i.c
Mean histopathology scored (range)
Presence of rotaviral antigene in intestinal
contents or fecal material
Duodenum Jejunum Ileum
Small
intestine
Large
intestine Cecum Fecal
0.25 1 ALA 6 0 0 0 2 2 2 ND
0.25 1 ALA 12 0 11 0 2 2 2 ND
0.25 1 ALA 24 11 31 31 1 1 1 ND
0.25 1 ALA 48 21 31 31 1 1 1 ND
0.25 1 ALA 72 21 31 21 1 1 1 1
0.25 1 ALA 96 21 21 21 1 1 1 1
0.25 2 SA11 6 0 (0) 0 (0) 0 (0) 11 11 11 ND
0.25 2 SA11 12 0 (0) 0 (0) 0 (0) 11 11 11 ND
0.25 2 SA11 24 0 (0) 0 (0) 0 (0) 11 11 11 ND
0.25 1 SA11 48 11 21 21 1 1 1 ND
0.25 2 SA11 72 11 (0 to 11) 21 (11 to 21) 21 (11 to 21) 11 11 11 ND
0.25 1 SA11 96 11 11 11 1 1 1 1
0.25 1 SA11 120 0 0 0 1 2 1 ND
1 or 2 4 ALA 12 0 (0) 11 (0 to 21) 11 (0 to 21) 2222 2222 2222 2222
1 or 2 3 ALA 18 0 (0) 0 (0) 0 (0) 222 222 222 222
1 or 2 4 ALA 24 21 (11 to 21) 31 (21 to 31) 21 (21) 2222 2222 2222 2222
1 or 2 4 ALA 48 21 (21) 31 (31) 31 (31) 2112 2112 2112 2112
1 or 2 4 ALA 72 21 (21) 21 (21) 21 (21) 1111 1111 1111 1111
1 or 2 4 ALA 96 21 (21) 21 (11 to 21) 21 (11 to 21) 1111 1111 1111 1111
1 or 2 4 ALA 120 11 (0 to 11) 0 (0) 11 (0 to 11) 1111 1111 1111 1111
2 1 ALA 144 0 (0) 0 (0) 11 (0 to 11) 1 1 1 1
2 2 ALA 168 0 (0) 0 (0) 11 (0 to 11) 11 11 11 11
11 2 ALA 12 0 (0) 11 (11) 0 (0) 22 21 21 22
11 2 ALA 24 0 (0) 21 (21) 21 (21) 22 22 22 22
11 2 ALA 48 0 (0) 31 (31) 31 (31) 21 11 21 21
11 2 ALA 72 0 (0) 11 (0 to 21) 11 (0 to 21) 11 11 11 11
0.25, 1, 2, and 11 1f PBS 6–120 0 (0)g 0 (0) 0 (0) 2 2 2 2
Note. ND, not done.
a The groups of 1- and 2-month-old rabbits were combined for histopathology analyses because no significant differences (P . 0.05, Mann–Whitney
U) between the age groups were observed.
b Doses were 3.5 3 105 PFU of ALA (P[14], G3), 5.8 3 105 PFU of SA11 (clone 3) (P[2], G3), or 1 ml of PBS.
c Time at which rabbits were euthanized and intestinal samples were collected. p.i., postinoculation.
d Histology scoring: 0, no signs of lesions; 11, mild; 21, moderate; 31, marked; 41, severe.
e Rotavirus antigen was detected by electron microscopy, tissue culture, or ELISA. A positive (1) and a negative symbol (2) corresponds to
presence and absence of rotavirus, respectively. Each symbol correspond to a single animal.
f There was at least one rabbit per age group per time point.
g One 11-month-old rabbit had an unrelated lesion of unknown etiology in the duodenum at 24 h p.i.
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2-month-old rabbits; hence, the mean values of the con-
trol animals were graphed as a continuous line for each
site (Fig. 6). In ALA-infected rabbits, little or no change
was observed in the ratios of mucosal-to-serosal surface
areas in the duodenum (Fig. 6A), but marked changes
were observed in the jejunum and ileum, where muco-
sal-to-serosal ratios were reduced by 12 h p.i. but re-
turned to normal by 120 h p.i. (Figs. 6B and 6C). When
villus height-to-crypt depth ratios were measured,
marked changes were observed by 12 h p.i. throughout
the small intestine (Figs. 6D–6F). There was a trend
toward resolution of histological changes as measured
by villus height-to-crypt depth ratios ;120–144 h p.i., but
total recovery was not achieved by 168 h p.i., the last
time point examined in the experiment.
Qualitative measurement of histopathological
changes in old (11-month-old) rabbits infected
with rotavirus
At necropsy, no gross changes of the intestinal tract of
control rabbits euthanized at any of the time points were
observed. In ALA-infected rabbits, accumulation of fluid
in the small intestine was first observed at 24 h p.i. and
persisted through 48–72 h p.i. along with distention
throughout the small and large intestines. At 72 h p.i.,
one rabbit had severe distention of the small intestine,
extremely liquid large intestinal and cecal contents, and
no preformed fecal pellets, although no clinical diarrhea
was noted.
No lesions were seen in any of the 11-month-old con-
trol (PBS) rabbits at any of the time points (Fig. 4F),
FIG. 5. Ratios of mucosal-to-serosal surface area (A–C) and villus height-to-crypt depth (D–F) in the duodenum (A and D), jejunum (B and E), and
ileum (C and F) portions of the small intestine of lapine ALA rotavirus-infected neonatal rabbits (1 week of age) determined from fixed and stained
sections of ;1 cm of serosal surface using the computerized Bioquant system. Normal measurements for mucosal-to-serosal surface area ratios and
villus height-to-crypt depth ratios at each site of the small intestine were obtained by calculating the mean of the individual measurements on sections
from age-matched mock-inoculated control animals. Each data point represents the measurement of one animal in the group.
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except for one moderate abscess of unknown etiology
observed in the duodenum–jejunum section of one rab-
bit at 24 h p.i. (Table 3). In the 11-month-old rabbits,
histopathological changes spared the duodenum and
were confined to the jejunum and ileum regardless of the
time point at which necropsy was performed (Table 3).
Moderate-to-marked villus shortening and blunting were
observed at 48 h p.i. in the jejunum and ileum of 11-
month-old rotavirus-infected rabbits (Fig. 4F). Inflamma-
tion and submucosal edema were observed between 24
and 72 h p.i., with the greatest inflammation due to
heterophils (also called pseudoeosinophils or am-
phophils), the predominant white cells in the rabbit and
analogous to neutrophils of other species (Kozma et al.,
1974). There was a trend toward resolution by 72 h p.i. No
later time points were measured. Actual measurements
of either mucosal-to-serosal surface area or villus
height-to-crypt depth ratios were not performed on the
older rabbits because only a limited number of rabbits
were available for this age group.
Distribution of antigen in the intestine
The presence of rotavirus antigen was assayed in the
intestinal contents collected at time of necropsy by elec-
tron microscopy (EM), tissue culture amplification, or
ELISA. No rotavirus antigen was detected in any 1-week-
old, 1- to 2-month-old, or 11-month-old PBS-mock-in-
fected rabbits at any time points in any part of the
intestine (Table 3). When more than one type of assay
was performed, the results always correlated (data not
shown). Rotavirus antigen was found by ELISA in the
FIG. 6. Ratios of mucosal-to-serosal surface area (A–C) and villus height-to-crypt depth (D–F) in the duodenum (A and D), jejunum (B and E), and
ileum (C and F) portions of the small intestine of lapine ALA rotavirus-infected young rabbits (1–2 months of age) determined from fixed and stained
sections of ;1 cm of serosal surface using the computerized Bioquant System. Normal measurements for mucosal-to-serosal surface area ratios and
villus height-to-crypt depth ratios at each site of the small intestine were obtained by calculating the mean of the individual measurements on sections
from age-matched mock-inoculated control animals. Each data point represents the average measurement of the total number of animals in the
group 6 SD. The number of animals per time point is four for 12 h p.i., three for 18 h p.i., four for 24 h p.i., four for 48 h p.i., four for 72 h p.i., two for
96 h p.i., one for 120 h p.i., one for 144 h p.i., and two for 168 h p.i.
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large intestine and cecum of one 11-month-old ALA-
rotavirus-infected rabbit at 12 h p.i., possibly reflecting
residual virus inoculum. At 24 h p.i., rotavirus antigen
was detected in all the sections of the intestine of
1-week-old ALA-rotavirus-infected rabbits but not in any
section of the intestine in any of the 1- to 2-or 11-month-
old ALA-rotavirus-infected-rabbits. At 48 h p.i., some, but
not all, ALA rotavirus-infected rabbits in all age groups
had detectable levels of virus antigen throughout most
parts of the small intestine (Table 3). Rotavirus antigen
was consistently detected in all parts of the intestine at
72 h p.i. in all the ALA rotavirus-infected rabbits. Rotavi-
rus antigen was detected in all intestinal sections of
SA11-infected 1-week-old rabbits at all time points. Virus
antigen detected at 6 h p.i. is likely residual virus inoc-
ulum, but it is not clear why virus antigen was detected
at 12 and 24 h p.i. when no pathological lesions were
observed. Antigen excretion in the fecal samples was
screened daily for some 1-week-old rabbits and for all 1-
to 2- and 11-month-old rabbits until the time of death, and
high levels of viral antigen shedding (optical density [OD]
values .2.0) were detected as early as 48 h p.i. (data not
shown).
DISCUSSION
In humans, rotavirus disease is most common be-
tween 6 months and 2 years of age, although rotavirus is
also known to cause disease in adults (Kapikian and
Chanock, 1996). The occurrence of diarrhea and the
development of histopathological lesions in the small
intestine after rotavirus infection have been reported in
humans and in a number of animal species (calves,
lambs, pigs, dogs, turkeys, neonatal mice) (Davidson and
Barnes, 1979; Holmes et al., 1975; Johnson et al., 1983;
Mebus et al., 1976; Pearson et al., 1978; Snodgrass et al.,
1979; Theil et al., 1978; Ward et al., 1990, 1992; Yason et
al., 1987). Human adults are less likely to develop rota-
virus disease than are children. The age restriction of
clinical disease in humans may be due to a combination
of host immunity, to normal maturational events of intes-
tinal cells, and to differences in the severity of his-
topathological changes in the intestine (although a direct
relationship between histopathology and disease in hu-
mans remains to be established) (Conner and Ramig,
1996; Kapikian and Chanock, 1996).
The rabbit model of rotavirus infection is currently
used for vaccine studies (Ciarlet et al., 1998a, 1998b;
Conner et al., 1993; Conner and Ramig, 1996). Rabbits
develop limited or no disease after experimental infec-
tion with lapine rotavirus, although natural infection has
been reported to be associated with diarrhea (Conner et
al., 1988; DiGiacomo and Thouless, 1986; Hambraeus et
al., 1989; Petric et al., 1978; Thouless et al., 1988, 1996).
It has been proposed that the lack of rotavirus-specific
diarrhea in the rabbit model is due to the remarkable
water absorption capability of the cecum (Conner et al.,
1988; Evans et al., 1982) or to attenuation of virus strains
through tissue culture adaptation rendering the lapine
strains less virulent (less able to cause disease) than to
wild-type lapine rotavirus (Conner et al., 1988; Ham-
braeus et al., 1989; Thouless et al., 1988). However,
histopathological changes in the small intestine of nat-
urally or experimentally infected 1-week-old to 3-month-
old rabbits are similar to those seen in other animal
models (Schoeb et al., 1986; Thouless et al., 1988). By
contrast, neonatal mice (#2 weeks of age) develop ro-
tavirus-specific disease with minimal or no histopatho-
logical damage in the proximal intestine, and infection of
adult mice occurs without disease or histopathological
lesions in the small intestine (Burns et al., 1995; Osborne
et al., 1988; Ramig, 1988; Starkey et al., 1986; Ward et al.,
1990, 1992). We now report for the first time that rotavi-
rus-induced diarrhea in rabbits is age restricted and that
aging does not modify susceptibility to infection, devel-
opment of immune response, protection from challenge,
or development of histopathologic lesions in the small
intestine in rabbits.
Although it has been speculated that attenuation of
lapine virus strains through tissue culture adaptation
was one of the reasons why diarrhea was not routinely
observed in experimental rabbit infection, we have de-
termined that rotavirus-induced diarrhea is age re-
stricted and that both wild-type and tissue culture-
adapted lapine rotavirus strains are virulent in 1-week-
old rabbits. Whether all the lapine rotavirus strains
possess similar virulence levels in neonatal rabbits
awaits determination of 50% diarrhea doses (DD50) of the
different strains. The mean duration of rotavirus antigen
shedding in 1-week-old rabbits (11–12 days) was signif-
icantly longer than in rabbits $2 weeks and up to 5 years
of age (5–7 days) (P , 0.05, Mann-Whitney U). Neither
rabbits $2 weeks of age nor 5 year-old rabbits devel-
oped disease after rotavirus infection. Although in a
previous study (Conner et al., 1988), some young animals
developed mild disease that was indistinguishable from
the soft moist feces, also known as “night feces,” that
rabbits normally excrete (Hagen, 1974), this was not
considered diarrhea specific to rotavirus. The occur-
rence of disease in the rabbit model has been somewhat
controversial, and although Thouless et al. (1988) re-
ported mild diarrhea after infection with the tissue cul-
ture-adapted ALA rotavirus or with a stool filtrate ob-
tained from a rabbit that died with diarrhea in an out-
break (Schoeb et al., 1986), it is not clear whether the
disease observed in their study was due to interplay with
other pathogens (i.e., Clostridium difficile or C. spiro-
forme) or simply from stress (Hambraeus et al., 1989;
Peeters et al., 1984; Schoeb et al., 1986; Thouless et al.,
1988). In our experience, rabbits $2 weeks of age vac-
cinated with a C. spiroforme toxoid do not develop diar-
rhea after rotavirus inoculation. Rotavirus infection may
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provide a triggering stress leading to development of C.
spiroforme overgrowth, toxin production, and disease.
Moreover, Thouless et al. (1996) have recently reported
that ALA rotavirus infection in 8- to 12-week-old rabbits
does not result in diarrhea, but a combined ALA rotavirus
strain and an enteropathogenic Escherichia coli strain, E.
coli RDEC-1 (serotype 015:H-O), infection resulted in a
more severe diarrheal disease in weanling rabbits than
that resulting from E. coli alone. Taken together, these
results suggest that in rabbits, diarrhea induced by ro-
tavirus alone is restricted to the neonatal period.
Age restriction of susceptibility to lapine ALA rotavirus
infection does not occur in the rabbit model. All rabbits
from 2 weeks to 5 years of age are productively infected
(shedding similar levels of virus antigen) with 3.5 3 105
PFU (;1000 ID50) of lapine ALA rotavirus and are com-
pletely protected against reinfection. Furthermore, deter-
mination of the ID50 of the lapine ALA strain in 2- to
5-month-old rabbits indicated that the levels of virus
antigen shedding and immune response are not dose
dependent (Conner et al., 1997). Because infection of 1-
to 2-month-old rabbits with 107 PFU of lapine ALA rota-
virus resulted in a productive infection indistinguishable
from that obtained from 2- to 5-month-old rabbits infected
with 102, 103, 105, or 106 PFU of ALA, these data suggest
that young rabbits may not be more susceptible to infec-
tion than old rabbits. However, further work will need to
be performed to determine whether the ID50 of all lapine
strains varies with age, as has been reported for some
murine strains in mice (Burns et al., 1995).
A primary infection of 1-week-old rabbits and their
dams (;2 or 3 years of age) with the wild-type lapine
BAPwt rotavirus also conferred complete protection from
subsequent homologous (P[14], G3) ALA rotavirus infec-
tion. Lapine rotaviruses, either wild-type (BAPwt) or tis-
sue culture-adapted (ALA or BAP-2), were highly efficient
at inducing local and systemic immune responses in
1-week-old rabbits. However, although all 1-week-old
rabbits infected with the tissue culture-adapted BAP-2
strain developed disease and seroconverted, the amount
of virus antigen shedding was reduced and both the
serum and intestinal anti-rotavirus antibody titers were
significantly lower (P # 0.003, Kruskal–Wallis followed by
Mann-Whitney U) than in groups inoculated with either
its wild-type counterpart (BAPwt) or with the tissue cul-
ture-adapted ALA rotavirus strains. Although not directly
tested in this study, we predict that rabbits inoculated
with the tissue culture lapine rotavirus strain BAP-2
would be protected from homologous ALA challenge
because the VP4, VP7, NSP1, and NSP4 proteins of these
two lapine strains are closely related (Ciarlet et al., 1997;
submitted for publication). In similar studies in mice,
murine wild-type EHPwt induced anti-rotavirus antibody
titers that were significantly higher (P , 0.05) than those
of mice infected with the tissue culture-adapted EHPT
rotavirus strains, but all mice were completely protected
from homologous (serotype G3) ECwt rotavirus challenge
(Feng et al., 1994).
One- to 3-week-old rabbits with rotavirus infection
develop blunted and fused small intestinal villi with at-
tenuated villous enterocytes (Schoeb et al., 1986). One-
week-old rabbits infected with ALA developed both in-
testinal histopathology and diarrhea. Rabbits 1–11
months of age infected with ALA rotavirus developed
intestinal histopathology in the absence of diarrhea. No
differences in the severity of histopathological lesions
were observed between 1-week-old rabbits with disease
and 1- to 2-month-old rabbits without disease. His-
topathological changes in the small intestine of rabbits
included villus atrophy and blunting, flattened entero-
cytes, mononuclear and heterophil cell infiltration, and
submucosal edema. In 1- or 2-month-old rabbits, the
comparisons of measurements of mucosal-to-serosal
surface area ratios to villus height-to-crypt depth ratios
using the computerized Bioquant system indicate that
both parameters can be used to describe the extent of
damage in the small intestine. However, villus height-to-
crypt depth measurements seemed the most accurate
for all portions of the small intestine, especially the
duodenum. The measurements obtained are in general
agreement with those reported previously in other ani-
mal models (McNulty et al., 1976; Mebus et al., 1976;
Pearson et al., 1978; Snodgrass et al., 1977, 1979). Mea-
surements of mucosal-to-serosal surface area ratios
were restored to normal by 120 h p.i., whereas villus
height-to-crypt depth ratios were not, suggesting that
restoration of normal villus height-to-crypt depth ratios
takes .168 h p.i. Because at 7 days p.i. most of the
rabbits are still shedding virus, the lack of complete
recovery may be due to the continued replication of the
virus.
Pathological lesions in 1-week-old and 1- or 2-month-
old rabbits were located throughout the length of the
intestine like those observed in neonatal rabbits, mice,
and piglets and calves (Coelho et al., 1981; Crouch and
Wood, 1978; Mebus et al., 1971, 1976; Osborne et al.,
1988; Reynolds et al., 1985; Schoeb et al., 1986; Starkey et
al., 1986; Thouless et al., 1988), although they were less
pronounced in the proximal intestine (duodenum). In
contrast, the lesions in 11-month-old rabbits were more
similar to those seen in lambs and pigs, in which the
most pronounced histopathology is seen in the jejunum
and ileum of the intestine (McNulty et al., 1976;
Snodgrass et al., 1977, 1979). Disappearance of lesions
coincided with the detection of virus antigen throughout
the intestinal contents or with the detection of virus
excretion in the stools. Overall, the significance of the
variation in severity, time of onset, and localization of
intestinal lesions among 1-week-old, 1- or 2-month-old,
and 11-month-old rabbits is not understood, especially
because rabbits $2 weeks of age do not develop dis-
ease. The ability of older rabbits to absorb greater quan-
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tities of excess fluid in their cecum (Evans et al., 1982;
Moon, 1994), not slight differences in intestinal histopa-
thology, may account for the absence of diarrhea in
$2-week-old rabbits.
In the neonatal mouse model, infection of neonates by
homologous (murine) rotavirus causes diarrhea and
slightly more marked changes in the intestine than in-
fection by heterologous viruses, but even homologous
infection causes only mild or limited histological
changes compared with those seen in other species
(Coelho et al., 1981; Eydelloth et al., 1984; Offit et al., 1984;
Osborne et al., 1988; Ramig, 1988; Starkey et al., 1986).
Infection of 1-week-old rabbits by heterologous (simian)
SA11 virus caused delayed and less severe histopatho-
logical changes compared with those caused by homol-
ogous (lapine) virus. The delayed and lessened severity
of lesions caused by simian SA11 infection may be re-
lated to the different efficiencies of replication of homol-
ogous and heterologous viruses in the rabbit host
(Ciarlet et al., 1998a). Whether adult rabbits infected with
heterologous viruses will develop intestinal lesions re-
mains to be determined. As mice age, rotavirus infection
occurs without the induction of intestinal lesions or di-
arrhea (Coelho et al., 1981; Eydelloth et al., 1984; Offit et
al., 1984; Osborne et al., 1988; Ramig, 1988; Starkey et al.,
1986). Because rotavirus continues to cause histopatho-
logical changes in the rabbit small intestine well into
adulthood, it is possible that the same occurs in other
species. This has not been assessed due to the limita-
tions imposed by the difficulty in keeping large animals,
such as cows, lambs, or pigs, in germ-free conditions for
long periods of time.
Differences in the amount of virus antigen shedding
between 1-week-old and $2-week-old rabbits and differ-
ences in the location and severity of intestinal lesions
may account for age restriction of diarrhea, or compen-
satory mechanisms of fluid absorption may limit diar-
rheal disease in older rabbits (Evans et al., 1982, Moon,
1994). The fact that no diarrhea is seen in $2-week-old
rabbits, even in the presence of rotavirus-induced intes-
tinal lesions, suggests that many host- and virus-related
factors may contribute to disease. Recent studies have
demonstrated that the rotavirus nonstructural protein
NSP4 induces diarrhea in neonatal mice when adminis-
tered intraperitoneally or intraileally (Ball et al., 1996). We
are currently evaluating whether NSP4 has enterotoxin
activity in #1-week-old and $1-month-old rabbits. Over-
all, rabbits offer the advantages that they can be kept for
long-term studies at a relatively low cost and that the
size of the rabbit intestine, compared with that of mice,
facilitates studies on the pathogenesis of the viral infec-
tion, including induction of diarrhea after NSP4 or virus
inoculation and age dependency of disease. However,
due to the age restriction of diarrhea in rabbits (as well
in mice), adult small animal models of rotavirus disease
are not currently feasible.
MATERIALS AND METHODS
Animals
Rotavirus antibody-free New Zealand White rabbits of
either sex used in this study were either from our own
rabbit breeding colony reared at Houston’s Veterans Af-
fairs Medical Center (1- to 2-, 4-, 7-, 9-, and 64-month-old
rabbits), as reported previously (Conner et al., 1988, 1991,
1993), or from LSR Industries (Union Grove, WI) (11-
month-old rabbits). Pregnant rabbits were obtained from
Charles River Laboratories (Canada) and allowed to kin-
dle at Baylor College of Medicine. Unless otherwise
stated, control and inoculated rabbits were housed indi-
vidually in open cages in separate rooms under negative
pressure in a BL2 containment facility at Baylor College
of Medicine.
Cells and viruses
The tissue culture-adapted lapine rotavirus strain ALA
(P[14], G3) was kindly provided by M. Thouless (Univer-
sity of Washington, Seattle, WA) and passaged 10 times
in MA104 cells before inoculations of rabbits, as de-
scribed previously (Conner et al., 1988). The wild-type
lapine ALA strain is no longer available. The simian
rotavirus strain SA11 (clone 3) (P[2], G3) was derived
from a stock of the original isolate (SA11-SEM) (Estes et
al., 1982; Malherbe and Strickland-Cholmley, 1967) that
was plaque-purified three times in our laboratory. The
BAPwt was isolated from pooled fecal material during an
outbreak of diarrhea in rabbits at Baylor College of Med-
icine in 1989. The BAP isolate was adapted to tissue
culture after five passages in MA104 cells and was
plaque-purified three times before rabbit inoculations or
characterization (Ciarlet et al., 1997). The serological and
molecular characterization of the tissue culture-adapted
lapine BAP strain (BAP-2) showed it was subgroup I,
serotype G3, and genotype P[14] (Ciarlet et al., 1997).
Virus titers were determined by plaque-forming assay
(PFA) or focus fluorescent assay (FFA) and expressed as
PFU/ml or FFU/ml, respectively (Ciarlet et al., 1994; Con-
ner et al., 1988).
Animal inoculations and procedures
Some rabbits obtained from commercial sources were
vaccinated twice intramuscularly with a C. spiroforme
toxoid (developed and kindly supplied by R. Carman,
TechLabs, Inc., Blacksburg, VA) to prevent disease due to
endemic C. spiroforme and its associated toxin (Borriello
and Carman, 1983; Conner et al., 1993; O’Neal et al.,
manuscript in preparation). The Clostridium toxoid vac-
cine was proved to be safe and effective when tested in
our rabbit colony; no deaths due to Clostridium diarrheal
illness ensued, and only mild self-limiting diarrhea oc-
curred (O’Neal et al., in preparation). All pregnant does
were administered two doses of Clostridium toxoid dur-
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ing gestation to ensure neonatal rabbits would receive
transplacental and lactogenic passively transferred anti-
bodies to Clostridium from their dam.
Individual rabbits were inoculated (1 ml) orally with
either 3.5 3 104 PFU/ml of lapine BAPwt, 1.4 3 107
FFU/ml of lapine BAP-2, 3.5 3 105 or 1 3 107 PFU/ml of
lapine ALA, or 5.8 3 105 PFU/ml of simian SA11 clone 3
essentially as described previously (Ciarlet et al., 1998a;
Conner et al., 1988). Negative-control rabbits were mock
inoculated with 1 ml of PBS. In some cases, rabbits were
challenged orally with ;103 50% infectious doses (ID50)
(3.5 3 105 PFU) of lapine ALA rotavirus 28–39 days
postinoculation as described previously (Ciarlet et al.,
1998a; Conner et al., 1988, 1993, 1997). Total protection
from challenge was defined as no fecal shedding of virus
antigen as detected by ELISA (Ciarlet et al., 1998a).
At 6, 12, 18, 24, 48, 72, 96, 120, or 168 h p.i., a subset
of rabbits inoculated with lapine ALA or simian SA11
rotavirus was anesthetized with a mixture of xylazine,
ketamine hydrochloride, and acepromazine maleate (8,
40, and 2 mg/kg, respectively, subcutaneously). Animals
were euthanized by intracardiac injection of 1–2 ml of
Beuthanasia-D Special (Schering-Plough Animal Health
Corp., Kenilworth, NJ). There was at least one age-
matched control (PBS) rabbit per time point.
Sample collection and processing
For detection of rotavirus-specific antibody responses,
serum and fecal samples were collected at 0 and 28
days p.i. and 28 days p.c. or at the time of death as
described previously (Conner et al., 1988). Instead of
collecting serum samples of the individual 1- and
2-week-old rabbits at 0 days p.i., serum samples were
collected from each doe with a litter. Processing of fecal
samples for antibody detection was performed as de-
scribed elsewhere (Ciarlet et al., 1998a). To detect virus
antigen shedding, individual fecal samples of rabbits $1
month of age were collected 0–14 days p.i. and 0–14
days p.c. or until the time of death and processed as
described previously (Conner et al., 1988). Collection of
individual fecal samples from 1- and 2-week-old rabbits
was assessed by direct stimulation of the sphincter us-
ing a sterile cotton ball wet in warm sterile water. Percent
diarrhea for each group per day was calculated by divid-
ing the number of diarrheic samples by the number of
total samples collected each day because fecal samples
of 1-week-old rabbits could not be obtained every day.
Removal of the bowels and ligation of distal and prox-
imal ends of the intestinal tract from the subset of killed
ALA- or SA11-infected and control (PBS) rabbits was
performed as described previously (Conner et al., 1988).
The contents of the small and large intestine and cecum
were collected. Five sections (1 cm in length) of small
intestine were collected from each rabbit corresponding
to the duodenum (proximal), lower duodenum–upper je-
junum (proximal–middle), jejunum (middle), lower jeju-
num–upper ileum (middle–distal), and ileum (distal).
ELISA to measure rotavirus excretion and total
antibody responses
The virus antigen ELISA was performed as described
previously (Ciarlet et al., 1998a, 1998b; Conner et al.,
1988, 1997). ELISA to measure total (IgA, IgM, IgG) anti-
body to rotavirus was performed as described previously
(Ciarlet et al., 1998a, 1998b; Conner et al., 1988, 1997). For
the antigen ELISA, a sample was considered positive if
the OD value of the virus well minus the OD value of the
control well was $0.1 and this OD value was $2 SDs
greater than the OD values of the negative control sam-
ples. For the antibody ELISA, a positive reaction was
defined as an OD value of $0.1 after subtraction of the
OD values of the antigen-negative well (mock) from those
of the antigen-positive well. Additionally, the end point
titer of the positive control serum (run on each plate) had
to be within one dilution of an established standard for
the assay to be acceptable.
Focus fluorescent neutralization assay to measure
neutralizing antibodies
Focus fluorescent neutralization assays were per-
formed essentially as described previously (Ciarlet et al.,
1994), with the end point determined as the serum dilu-
tion producing a $66% reduction in the number of fluo-
rescent foci.
Analysis of RNA by polyacrylamide gel
electrophoresis
To determine the electropherotype of the wild-type
lapine rotavirus strain BAPwt and to confirm the electro-
pherotype of the tissue culture-adapted lapine rotavirus
strain BAP-2, nucleic acid from the fecal material (BAPwt)
and tissue culture-adapted (BAP-2) viruses, respectively,
was extracted and subjected to electrophoresis in a 7%
polyacrylamide gel, and genome segments were visual-
ized by silver staining (Ciarlet and Liprandi, 1994).
Sequential passage of wild-type lapine rotavirus
strain BAPwt in rabbits
To determine whether in vivo passage of the wild-type
lapine rotavirus strain BAPwt would induce disease, rab-
bits were inoculated orally with Genetron (10%) extracts
of fecal material obtained from pooled fecal material of
diarrheic rabbits (original isolate; see above). A total of
two passages was performed in 16- and 10-week-old
rabbits (first and second passage, respectively). The titer
of virus for the first passage was not determined be-
cause the goal was to determine the kinetics of virus
excretion and collect sufficient fecal material from inoc-
ulated rabbits to use as inoculum in future experiments.
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The titer of virus in the second passage was determined
by FFA as described previously (Ciarlet et al., 1998a,
1998b). The infectious virus dose of the fecal material
used for the second passage of BAPwt was 3.5 3 104
FFU. The same fecal material obtained from the first
passage was used to inoculate 1-week-old rabbits.
Preparation and analyses of small intestinal tissue
sections
Small intestine specimens of rabbits were fixed in 10%
zinc–Formalin for 24 h and then transferred to 70%
graded ethanol for dehydration. Samples were embed-
ded in paraffin wax, sectioned at 3–4 mm, and stained
with hematoxylin–eosin stains, as described elsewhere
(Cross and Moorhead, 1969; Pearson et al., 1978).
Stained sections were visualized under the light micro-
scope to evaluate histopathological findings in all rabbits
killed at 6, 12, 18, 24, 48, 72, 96, 120, or 168 h p.i. Villi were
examined for the presence of fusion (fusing of villi) and
vacuoles within villus structure (vacuolization). Polymor-
phonuclear leukocytes, monocytes, and eosinophils
were enumerated. Intact villus–crypt units in sections
corresponding to the duodenum, jejunum, and ileum
from young rabbits were measured using the computer-
assisted Bioquant System (R & M Biometrics, Inc., Nash-
ville, TN) (Oguntebi et al., 1992). Five intact villus heights
and five crypt depths were obtained, and mean villus
height-to-crypt depth ratios were calculated for each
section for individual rabbits. We also obtained mucosal
to surface area ratios on approximately one fourth of the
external circumference of the upper left fourth of the
whole small intestine section. The mucosa-to-serosa
surface ratio measurements were obtained by keeping
constant the external (serosal) surface and tracing the
internal mucosal (lumen) area. Normal measurements
for mucosal-to-serosal surface area ratios and villus
height-to-crypt depth ratios at each site of the small
intestine were obtained by calculating the mean of the
individual measurements from age-matched control rab-
bits. The measurements at each site of the small intes-
tine from each neonatal rabbits (1 week of age) were
compared with these normal values. In the case of 1- to
2-month-old rabbits, the average 6 SDs of the measure-
ments at each site of the small intestine from each
individual infected rabbits were compared with their cor-
responding normal values.
Detection of rotavirus in intestinal contents and
stools by electron microscopy
Diluted (10%) fecal and intestinal specimens were neg-
atively stained (1% ammonium molybdate, pH 6.0) and
examined for virus particles by electron microscopy.
Statistical analysis
Statistical analyses were performed using SPSS Ver-
sion 7.5 for Windows (SPSS, Inc., Chicago, IL). Mean
days of virus shedding between age groups were com-
pared using the Mann-Whitney U test. Antibody titers
before and after virus challenge within a group were
compared using the Wilcoxon signed rank test, and an-
tibody titers between groups were compared using the
Kruskal–Wallis test followed by the Mann-Whitney U test.
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